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FOREWORD 

The research  reported  here was performed  under  Contract NAS2-4892 
between  Systems  Technology, Inc., Hawthorne, California,  and the  National 
Aeronautics and Space Administration. The NASA project monitor was suc- 
cessively Me1 Sadoff and Thomas E.  Wempe.  The S T 1  Technical  Director was 
Duane T. McRuer, and the  Project Engineer was Walter A. Johnson. 

The authors would l i ke   t o   exp res s   t he i r   g ra t i t ude   t o  Fred Alex f o r  
h i s   f i ne  work on th i s   p ro j ec t .  



ABSTRACT 

This  report  deals  with  the development of  requirements  for  an  approach 
control  system  and  includes example app l i ca t ions   t o  a j e t   t r anspor t  air- 
c ra f t .  A l l  of the  techniques  used have  been known f o r  some time, but  the 
process  of  going from a l i s t  of  guidance and control  requirements t o  a 
system  design  has  not  been  well documented in   t he   pas t .  

The material  presented i s  divided  into two basic   par ts :  a general 
discussion  of  approach  control  requirements,  and a specif ic   appl icat ion 
resul t ing  in   the  design of three  a l ternat ive  longi tudinal   control lers .  

The point of view taken i s  that   the   essent ia l   features   of   the  system 
s t ruc ture   a re   the  feedbacks  themselves, their   equalization, and t h e i r  
combinations to   c rea te   cont ro l  commands.  Use i s  made of   the  fact   that  
for   successf i l  systems the  possible  feedback s t ructures   are   very  l imited.  
They derive  primarily from guidance, control,  and regulation demands; 
and secondarily from dynamic response  characteristics  desired by the 
p i l o t .  From the  systems  view it i s  the  sat isfact ion  of   these  require-  
ments t h a t  i s  important  rather  than  the means employed. For t h i s  reason, 
most of  the  discussion i n  th i s   repor t  i s  equally  applicable  to  automatic,  
manual, or hybrid  manual/automatic  approach  systems. 
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SECTION I 

INTRODUCTION 

This report  documents the  developnent  of  requirements  for an  approach 

control system and includes example appl ica t ions   to  a j e t   t r anspor t   a i r -  

c r a f t .  Although all of the  techniques  used  in  this  report have  been known 

fo r  sane  time and i n   s p i t e  of the   fac t   tha t   there  have been m a n y  pages  of 

explanation  devoted to  design  considerations,   the  process  of going from a 
l i s t  of guidance and control  requirements t o  a system  design  has  not  been 

wel l  documented in   the   pas t .  

The material  presented  herein i s  divided  into two basic   par ts :  a 

general  discussion of approach control  requirements, and a specific  appli-  

cat ion  resul t ing  in   the  design of three  a l ternat ive  longi tudinal   control lers .  

(These three  control lers   are  compared  and evaluated  in  terms of Category I1 

approach  success p robab i l i t i e s   i n  Ref. 1 .  ) 

A brief  discussion i s  presented  next to  explain  the  point of view  taken 
in   t h i s   r epor t .  !Phis w i l l  help  orient  the  reader,  and will also  bring  out 

some of the  design ground ru les .  

In approach and landing  operations,   the  aircraft  i s  but one element i n  

a feedback control system. The essent ia l   features  of the system structure  

are  the  feedbacks  themselves,  their  equalization, and their   cmbinat ions 

to   c rea te   cont ro l  commands. For successful  systems,  i.e.,  systems which 

demonstrate  uniform, re l iable ,   h igh  qual i ty  approach and landing  perfor- 

mance, the  possible  feedback structures  are  very  limited. They derive 

primarily from guidance,  control, and regulation demands; and secondarily 

from dynamic response  characteristics  desired by the   p i lo t .   F rm  the  sys- 

tems  view it i s  the   sa t i s fac t ion  of these  requirements  that i s  important 

ra ther   than  the means employed. In  other words, the feedback loops closed 

i s  the  central   i ssue whether the  closures  are accomplished automatically 
or manually. For t h i s  reason, most of the   d i scuss ion   in   th i s   repor t  is  

equally  applicable  to  automatic, manual, or hybrid  manual/autanatic  approach 

systems. Any differences cane a t  a l a t e r   s t age  when the feedback  functions 

required  are  divided between anjmate and inanimate  controllers and when the 
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subtle  differences between automatic  controller and p i l o t  dynamics are  

taken  into  account. 

Stated  verbally,   the key guidance and control  requirements for low- 
l eve l  approach  systems are: 

0 To establ ish and maintain  the  a i rcraf t  on a 
spec i f ied   spa t ia l  pathway or beam (e .   g .  , 
local izer  and glide  path);  

0 To reduce f l igh t   pa th   e r rors   to   zero   in  a stable, 
well damped and rapidly  responding manner; 

0 To establ ish an equilibrium  fl ight  condition; 

0 To limit the speed or angle of attack  excursions 
from this   es tabl ished  equi l ibr ium  f l ight  
condition. 

The regulation  requirements  are similar, i . e . ,  

0 To maintain  the  established  f l ight  path  in  the 
presence of disturbances such as  gusts, crosswinds, 
and wind shears; 

To provide a degree of short- t ime  a t t i tude  s tabi l i ty  
in  the  presence of disturbances. 

These requirements re la te   p r imar i ly   to   the   re la t ive ly  low frequency  path 

modes of the  a i rcraf t /control  system. In  essence,  they  define  outer con- 

t r o l  loops  involving  those  vehicle motion quant i t ies  which define  the 

desired  equilibrium  state of  motion. More often  than  not, such outer 

loops, when closed about  unmodified a i r c r a f t  dynamics,  do not   resu l t   in  

s table ,  well-damped, rapidly  responding  systems.  Instead,  equdization 

of e i the r  a se r ies  or a paral le l   nature  i s  needed t o   a s s i s t .   P a r a l l e l  

equalization i s  most common and i s  achieved by the  use of inner loops 

which feed back  such quant i t ies  as att i tude,   angular  velocity,  and some- 

t imes  l inear   accelerat ion.  These inner  loops dominate the  high  frequency 

charac te r i s t ics  of the   a i rc raf t /cont ro l le r  system. 

To obtain a better  appreciation of j u s t  what feedbacks  the  verbal 

requirement  statements  imply, we shall   consider  in  Section I1 the  deter-  

mination of feedback  structures  for a s impl i f i ed   l a t e ra l  approach control ler  

2 



and a more  complex longitudinal  controller.  This will be followed i n  

Section I11 by a detai led development and analysis of three  successively 

more complex longitudinal approach control systems. To make the  discussion 

in   Sect ion I11 concrete, a DC-8-like a i r c ra f t  will be assumed  and numerical 

values will be  used  throughout. 

3 



SECTION I1 

A. LATERAL CONTROL 

A s impl i f i ed   l a t e ra l  approach control ler  i s  shown in   F ig .  1 .  The 

f'undamental e r ror   s igna l   in   the  system i s  t h e   l a t e r a l  displacement from 

the beam (ye).  This  displacement frm the beam i s  the  difference between 

the  beam's l a t e r a l  displacement  (yc) and the   a i r c ra f t  s la te ra l   d i sp lace-  

ment (y ) .  The  beam displacement  (which i s  the commanded la te ra l   d i sp lace-  

ment) i s  the sum of the  desired  lateral   displacement  (yi)  and beam noise 

(nb).  When l a t e r a l  guidance i s  provided  by a l o c a l i z e r ,   y i  i s  the runway 

center l ine,  and thus  equal t o  zero; for variable  path systems y i  i s  a 

path command. Getting back to   t he   e r ro r   s igna l ,  ye can be converted t o  

an  angle ( X )  sensed by instruments i n   t h e   a i r c r a f t   v i a  a relation  involving 

the range frcm the  local izer   t ransmit ter   ( i .e . ,   wi thout   noise ,  Ye = RX).  

It i s  noted  that   in  Fig.  1 the measured la teral .   posi t ion  error  i s  

contaminated by two kinds of noise.   In  addition  to beam noise,  there i s  

receiver  noise, n,. Typically, nb i s  used to   represent  unwanted inputs 

which are  approximately  stationary when represented as lengths   ( i .e . ,  range- 

independent noise),  and nr i s  used to   represent   noises  which are  approxi- 

mately  stationary when represented  as  angles  (range-dependent  noise). 

Range-dependent noise  includes  the  effective  receiver  noise,  which tends 

t o  have a constant rms value  at  the  output of the  receiver and thus  rep- 

resents a larger  displacement a t  the  longer  ranges. An example of range- 

independent  noise i s  main beam multipath  transmissions. For the   local izer  

these  are  caused primarily by f ixed  s t ructures .  For the  glide  slope,  

changes i n  ground ref lect ion  coeff ic ients  due t o   s t r a t i f i e d  wet  and dry 

layers   in   the  ground ("fixed"  for a particular  approach), and other  devia- 

t ions  of the ground plane from an id-ea1 reflecting  surface  are  important 

causes. 

- 

The receiving,  f i l tering,  gain changing,  and other  operations  are 

represented  in   the  t ransfer   character is t ic  GI, which has  the  output €11. 

4 
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Figure 1 . Lateral-Axis  Block Diagram of   S impl i f ied  Approach Con t ro l l e r  
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This i s  the   e f fec t ive  command to   t he   a i r c ra f t / f l i gh t   con t ro l  system. 

The l a t t e r  comprises the  airframe and associated  inner-loop  controllers. 

In  the  Fig.  1 diagram it i s  assumed tha t   the   a i rc raf t   cont ro l le r  

feeds  back  functions of bank angle, cp, and heading, I), t o  modify the  

basic airframe charac te r i s t ics .  The t ransfer   charac te r i s t ics  Gcp and 

G+ may be  supplied  by  the  pilot  and/or  an  autm,atic  controller. To be 

exp l i c i t  we s h a l l  assume here  that   these  functions  are performed  auto- 

matically. However, the  properties  subsequently  developed  for  these 

t ransfer   character is t ics   in   order   that  guidance and control  requirements 

be met a re   a l so  incumbent upon the   p i lo t  if he i s  to   p l ay   t he  same ro le .  

In   the  f l ight   control ler   b lock diagram, note   that  a heading  error, 

I ) ~ ,  i s  developed  by the  inser t ion of a command or bias  heading  reference 

signal,  Note a l so   tha t   the   re la t ionship  between heading and bank 

angle i s  given  by the  simplified  transfer  function, g/Uos . This 

simplification, as well  as t h a t  between the  f l ight  path  angle,  ye, and 

heading, a re  consequences of assuming tha t   the   a i rp lane  i s  represented 

by a three  degree of freedom ( sp i r a l ,  roll subsidence)  set of simplified 

equations of motion." The to ta l   a i rc raf t   f l igh t   pa th   angle ,  y, i s  the 

sum of t h a t  commanded in   t he   f l i gh t   con t ro l  system plus an  increment due 

t o  crosswinds or gusts , Bg = vg/U,. F ina l ly   t h i s  i s  converted  into a 

la te ra l   pos i t ion  by multiplying by Uo and integrat ing.  

For the  present example we a re  concerned primarily  with  path modes; 

for  these,   the  already  simplified system of Fig. 1 can  be  further  simpli- 

f i e d  i f  we confine our a t tent ion  to   f requencies   less   than 5. Over t h i s  

range of frequencies  the  flight  path  angle and heading a re  approximately 

equal; and, ordinarily,  the  amplitude  ratio of the  open-loop roll system 

(Gcp@~,)  i s  very  large.  With these  simplifications  the  block diagram 

becomes tha t  shown in   F ig .  2. 

*These equations  are  the  conventional  three-degree-of-freedom  lateral 
set  with  the  simplif'ying  assumption  that ( s - Y v ) ~  i s  negl igible   re la t ive 
to   other   s ide-accelerat ion  quant i t ies .  See Section 6.7 of Ref. 2. 
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Figure 2 .  Simplified  Lateral-Axis Block Diagram 

For t h i s  system the Equation of motion i s  

where p = d/dt.  Because the  range  varies  with  time,  this  equation  has 

time  varying  coefficients,  although it i s  s t i l l  l inear .  The range 
variation  gives  an  increased  sensit ivity as the   a i r c ra f t  approaches 

the aiming point.  Although a terminal  controller which takes  advantage 

of t h i s  time  variation  can  be  developed t o  give  satisfactory  accuracies 

a t  the  end of the  approach, t he   i n t r in s i c  time-varying  gain must be  offset  
by a compensating  time-varying  gain  precision  path  control i s  t o   b e  

maintained  throughout  the  approach.  This i s  done by inser t ing  a range- 

varying  gain as one of the  operat ions  in  % such t h a t  ( 1 /R ) ( 0, ) = Gy, 

where Gy i s  a constant-coefficient  operator.  (Altitude or time, which 
are  roughly  equivalent t o  range when  on a constant  speed  approach down 

a straight  path,  may be  used in   place of range.) Then the  equation of 

motion becomes constant  coefficient and  can  be w r i t t e n   i n  Laplace 
transform  notation as 

7 



We sha l l   s tudy   th i s   equa t ion   in  two ways. F i r s t ,  we will examine the  

steady-state  characterist ics  in  the  presence  of  crosswinds  to  determine 

what i s  needed for windproofing.  This shall be followed by consideration 

of t he  dynamics, using  the  characterist ic  equation,  to  determine  the neces- 

s i t i e s  imposed by pa th   s t ab i l i t y  and response  considerations. 

1. Windproofing 

To represent a "nearly"  steady  crosswind, vc, in   the   s teady   s ta te ,  

assume Bg i s  a step  function, vc/Uos. Then the  steady-state  characteris- 

t i c s  of the  system i n  response t o  this crosswind will be 

This can be made zero  in  several. ways. f o r  the second  term t o  be zero the  

form sGq/% must have a ne t   f ree  s ( o r  higher   order)   in   the numerator. Common 

poss ib i l i t i es   inc lude  

Addition of beam in tegra t ion   ( i . e .  , adding a term %/s t o  G ) provides  another 

numerator s t o   o f f e r   f u r t h e r  improvement. 
Y 

For the first term, if G$/Gy(O) i s  a constant,  then a bias   s tep command 

4rc/s must be  introduced t o   t h e  heading  reference t o   j u s t  compensate for the 

crosswind. This requi res   e i ther   i t e ra t ive  trimming operations or precise  

knowledge of vc. A better  technique i s  t o  provide a f r e e  s i n   t h e  numera- 

t o r  of G,,,/Gy. Commonly used p o s s i b i l i t i e s   t o  achieve this   include 

a 



The type of windproofing actual ly   selected depends t o  sane  extent on the  

feedbacks needed f o r  dynamic control  purposes,  discussed  next. 

2. Dynamic Requirements 

The e f f ec t s  of  feedbacks on the dynamic charac te r i s t ics  of the system 

can be examined by considering  the  characterist ic  equation 

The low frequency forms for  the  controller  transfer  functions most con- 

ventionally used are 

Gy = K ~ s  + Ky + - 
S 

These forms are  general  and not all are  used  together. For example, the 

bank angle will not  ordinarily be lagged i f  a proportional  heading % i s  

present.  The characterist ic  equation  with  these  transfer  functions 

inser ted becomes 

9 



Consider, f i rs t ,  Eq. 8 with  the  path  duration  integral  feedback, KT, 

zero. The second-order  system resul t ing  represents  an  approximation t o  

the  dminant  path mode of the system. For the  beam t o  be followed at dl, 
the  constant term must always  be present and have a posit ive  value.  For 
the  path mode t o  have any damping the  s term must a l s o  have a posi t ive 

coeff ic ient .  A s  seen from Eq. 8 t h i s  can be provided by heading (K,,,), 

lagged bank angle (Tf iy ) ,  path  ra te  (K?),  or by combinations thereof.   In 

addi t ion  to   providing damping, a heading  feedback a l s o  provides  attitude 

control   that  i s  in imica l   to  mid-frequency  windproofing. What happens , of 

course, i s  tha t  an aircraf t   wi th   a   t ight  heading  loop, when h i t  by a  cross- 

wind, has a tendency t o  dr i f t  while  maintaining  a  constant  heading.  This 

d r i f t  w i l l  ul t imately be brought  back by the Ky and KT/s feedbacks,  but 

only  slowly.  Path r a t e  ($) on the  other hand provides  superior wind- 

proofing at the expense of heading.  In  the  past y has  been  a d i f f i c u l t  

s igna l   t o   ob ta in  because  of beam noise, so heading  has  been the   typ ica l  

path damping term. This s i tua t ion  i s  improving, however, due to   the   use  

of complementary f i l t e r i n g  and the coming of scanning beams. 

Now consider  the complete third-order  equation. The in tegra l  term, 

gKT/Kqs, i s  present  to  assure  steady-state  windproofing if K,,, i s  not  zero 

(see Eq. 5 ) ;  it also  suppresses  steady-state  lateral  errors  caused by 

crosswind  shear.  Ordinarily  the  first-order mode introduced by the   in te -  

g r a l  term  has  a  very  long  time  constant,  given  approximately  by 

The corresponding 

modes are 

approximate fac tors   for   the  dominant second-order  path 
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In   the above discussion we have considered  only  the  path command or 

st i f fening,   path trimming, and path damping requirements, as these  are  

fundamental t o  approach. In  addition,  there  are  requirements  for  at t i tude 

control and regulation. A bank angle  feedback  provides th i s   func t ion   in  

r o l l .  Also, near  the touchdown poin t ,   t igh t  heading control i s  needed t o  
assure alignment of t h e   a i r c r a f t  wheel path  with  the runway t o  minimize 

landing  gear  sideloads.  Just as the  heading or path  ra te  is  required 

f o r  damping of the  path modes so is  bank angle  required as an  inner  loop 

for heading.  Finally, t o   f u r t h e r  improve the   to ta l   cont ro l  and regula- 

t ion  precision, an  extended f l igh t   cont ro l  system  bandwidth i s  desirable.  

This i s  achieved  using roll rate feedback to   the   a i le ron .  

We assume in  a l l  of t h i s ,  of cou-se,  that  the yaw axis  and, i n  
particular,  the  dutch roll mode and  any deleterious  adverse yawing 

effects  are  taken  care of by a su i tab le   se t  of yaw damper and cross- 

feed  loops. These w i l l  en ta i l ,  i n  general, washed out yaw ra te ,   s ide  

acceleration, and lag-lead  aileron  crossfeed ( o r  their   equivalent)   fed 
t o  rudder. A block  diagram for   l a te ra l   cont ro l   dur ing  approach incor- 

porating a l l  of these  features i s  shown in  Fig.  3. The path damping 

i s  provided  by a combination  of  lagged bank angle and derived from 

a so-called complementary f i l t e r .  This appropriately mixes  and f i l t e r s  

aycg' cp, and, perhaps, a smoothed beam ra t e   s igna l   t o   ob ta in  a broadband 

approximation t o  y. 

B. L0NGITUDINp;lr CONTROL 

A s  another  concrete example of  system  feedback select ion we will 

consider a typical   longi tudinal  approach control system." The t o t a l  

system i s  shown in   F ig .  4. There a d is t inc t ion  i s  drawn between a 

measuring  subsystem and a control subsystem. The boundary i s  somewhat 

*It i s  noted i n  advance that  the  description  of  the  longitudinal system 
will d i f f e r  smewhat from t h a t  of   the   l a te ra l  system  because the various 
simplifying  assumptions  used i n  the  lateral  case do not  have longitudinal 
counterparts. Thus the  longi tudinal  example will be more "involved"  with 
algebraic  detail,   although  the same kind of considerations  (e.g.,  path 
damping, s t a b i l i t y ,  windproofing, e tc .  ) wi l l  s t i l l  apply. 
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fuzzy and arb i t ra ry   in   tha t   cer ta in   o ther   vehic le  motion chazacter is t ics  

could j u s t  as w e l l  be  included i n   t h e  measuring  subsystem portion. A s  

shown, however, the measuring  subsystem  emphasizes the  ground-to-air 

transmission of  guidance data  and the  airborne  decoding  of  these  data  into 

control system commands. 

The measuring  subsystem  has three  important unwanted quant i t ies .  Two 

are   the range-dependent and range-independent  noises  already  described  for 

t h e   l a t e r a l  example. The t h i r d  unwanted input shown in   F ig .  4 i s  the 
r e s u l t  of e lectrmagnet ic   dis turbances.  These can come fk.m a lead air- 

craft  casting  an  electromagnetic shadow on following  aircraft  on the same 

approach beam pathway, from multipath  transmissions  of  overflying  craft 

( e i the r   d i r ec t  or from side  lobes) ,  and so for th .  

A s  Fig. 4 emphasizes the measuring  subsystem, so Fig. 5 provides 

a more de ta i led  breakdown of the  control system. Here the measuring sub- 

system i s  lumped in to   the  beam smoothing and equalization  block. Note t h a t  

the hf signal,  derived from a complementary f i l t e r  combining barometric and 

i n e r t i a l  elements, comes from a  different  path  than  the  deviation from the 

beam, d. While t h i s  h s i g n a l   i s  shown in   the   cont ro l le r   in   F ig .  4, i t s  
locat ion  in   Fig.  5 ind ica tes   tha t  it could j u s t  as well  be i n   t h e  measuring 

subsystem. 

In  general,  the development of an fi-like  signal  can be accomplished 

using  a  combination of the  beam rate  signal  with  the  outputs of baro and 

i n e r t i a l  elements i n  a complementary f i l t e r i n g  scheme t o  reduce the  effect  

of the beam noises on the  derived  rate.  The i n e r t i a l  element  can be as 

simple as an accelerometer or as complex as an iner t ia l   naviga tor .  The 

la t ter   are   par t icular ly   appropriate   for  VTOL c r a f t  where the  longitudinal 

posi t ion can  be  an  important overall  landing system  loop. I n e r t i a l  navi- 

gation equipment has  also been  proposed as a means to   he lp  reduce  the  effect 

of electromagnetic  disturbances and noises (when properly combined with  the 

other measuring  system  elements). 

As a simple example of complementary f i l t e r ing ,   t he  composite s ignal  

derived from barometric  rate of climb and accelerometer  sensors, i s  shown 

in   F ig .  6 . For simplicity  the  higher  frequency  lags  inherent  to  the  sys- 

tem are  neglected.  The ac tua l   r a t e  of  climb i s  G, and the  var ious  n 's  are 
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unwanted signals and noises. The composite signal  derived, hf, i s  given by 

Here, the  major s ignal  

heavi ly   f i l t e red .  me 
component i s  j u s t  li, while  the  noise  terms  are 

primary  limitation on the  time  constant, T, i s  

accelerometer  noise, which i s  ordinar i ly   very small a t  the  frequencies 

of in te res t   here .  Consequently, the  lag  time  constant, T, of the  composite 

f i l ter  can  be made quite  large,  with  attendant  reductions in noise. Thus 

the  complementary f i l t e r  can offer  a potent means for   the  der ivat ion of a 

good s ignal  from a sum of s ignals  which may be  re la t ively poor individually. 

It i s  noted  that   the  present  glide  slope beam i s  often  too  noisy  near 

touchdown t o  permit i t s  use fo r   pa th   r a t e  computations,  even  with a cm- 

plementary f i l t e r .  This was recognized in   the  Fig.  5 block  diagram, which 

has  only bar0 and i n e r t i a l  elements  called  out. However, t h i s   s i t ua t ion  

may change as we gain more experience  with  Category I1 ILS,  or  with  future 

systems. It i s  also noted tha t   in   addi t ion   to   the   no ise   s i tua t ion   there  

i s  a fundamental difference between the h and signals.  This i s  t h a t  h 
has a steady-state  value of zero  while h has a nonzero  steady-state  value. 

The significance of this difference w i l l  be presented  la ter .  

Returning to   descr ibe   the  remainder  of the  control system  block  diagram 

(Fig. 5 ), it w i l l  be seen that both  elevator and d i r ec t - l i f t   con t ro l   a r e  

16 



involved.  For  the  sake of simplicity,  a thro t t le   cont ro l  i s  not   expl ic i t ly  

shown  on Fig. 5 . A s  it stands,  this  block diagram i s  su i tab le   for  manual, 

automatic, or cmbined  control  because  the  mechanization of the  several  

blocks i s  not  specified. However, the  control system i s  pa r t i cu la r i zed   t o  
the   po in t   tha t   a t t i tude  i s  fed  back on ly  to   the   e leva tor .  The overal l  

controller  equations  are  given by 

Here, each G i s  a shorthand  notation  for  the  product  of a l l  the   t ransfer  

funct ions  in   the  blocks between the  subscr ipt   var iable  and the  superscript  

var iable .  For example, G 2  is  the  product of the   t ransfer  funct5-ons for   the  
blocks  labeled: Beam Smoothing and Equalization,  Elevator  Input  Equalization, 

and Elevator  Equalization and Actuation-in  short,  everything between d i  and 6e 

Similarly, G:: w i l l  be the  product of the  transfer  f 'unctions  for  the 

blocks: Beam Smoothing and Equalization, L i f t  Control  Equalization, and 
L i f t  Control  Actuation.  Using this  notation  the  cmplete  closed-loop 

approach  system  equations are  given below. 



1 7 =  

A =  

Nse,  Nsf,  etc. = 
e d  

ne = 

nf = 

wgJ 

Airframe-alone  characteristic  function 

Airframe-alone  transfer  function 
numerators 

Airframe-alone  coupling  numerators 

Lumped  noise  effectively  acting  in 
elevator  channel 

Lumped  noise  effectively  acting  in 
flap ( D E )  channel 

Equations 14 and 15 combine  the  controller  equations  with  those  of  the 
vehicle,  which  is  characterized  by  the  transfer  function  numerators, 
coupling  numerators,  and  characteristic  function.  These  are  summarized 

in  Table 1. Notice  that  the  trim  and  atmospheric  disturbances  are 
denoted  by a general  disturbance  input, 7, and  that  the  noises  are 
lumped  into  an  ne  for  elevator,  and  an  nf  for  the D E  channels  respect- 
ively.  Equations  for  other  aircraft  motion  quantities,  such  as  u,  can 
'be  obtained from Eq.  13 simply  by  replacing  the e superscripts  in  the 
numerator  by  the  new  variable. 

TABLE 1 

LONGITUDINAL  EQUATIONS,  TRANSFER  FUNCTIONS, 
AND COWLING NUMEPATORS 

Equations of Motion 

d = -W + Uo9 

h = -uo sin 0, - w cos 0, + u sin 0, + U, cos 0,8 
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TABLE 1 (Continued) 

Characteristic  Function (See note at  end of Table) 

= (AAs4 + Bns3 + Cns  2 + Dns + En) 4 o n g  

Numerators 

N: = A g s  + Bgs + C g s  + Dg i 3  d 2  i i 



B d  e = -Xu( ZT% - 9 Z g )  + - MTXs ) - Mu( X,,Zg - Z,,X,) 7 8  

Note that some of   the  t ransfer   funct ion numerators are  defined  in  terms 
of e r ro r  rate (rather   than  error)   in   order   to   avoid  the  confusion tha t  can 
arise f'rom transfer  function numerators  having  denominators. Thus, the  

transfer  f 'unction  for  i/ge i s  defined t o  be ge/AlOng, and the t ransfer  func- 

t i o n   f o r  d/Se i s  de/sAlong. By using  the symbol Ngi, a l l  numerators 

( Ngi) remain  "pure"  polynomials (rather than  ratios  of  polynomials). j 
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Having described  the  control system  block  diagram  (Fig. 5 ) ,  and 

defined  the  airframe  transfer  functions  (Table 1 ), it is now appropriate 

t o  give a "verbal"  description  of  the  fundamental  guidance  and  control 

requirements  for  the  longitudinal approach  system. 

0 Guidance  Requirements 

The a i r c r a f t  must follow  the beam  commands 

0 Regulation  Requirements 

0 The aircraft should  be  maintained  close t o  
the  beam in  the  presence of  winds, gust  dis- 
turbances,   internal  biases  in  the equipment, 
measuring  system  noise, etc. 

0 Aircraft  attitude  should  be  kept  stable and 
"solid", i.e., relatively constant, in the  
presence of the  disturbance environment. 

0 Implied  (Mechanization-based) Requirement 

Elevator must be  used f o r  trim adjustments ( i . e  ., 
DLC is  not t o  be  saturated due t o   t r i m  changes) 

Most of these  quali tative  requirements  can  readily  be  translated  into 

required  feedbacks  by  considering  certain  steady-state  aspects of the  

system  equations,  followed  by  simple  stability and response  arguments. 

We shall consider  the  steady-state  features f irst .  

The most f'undamental guidance  requirement i s  t h a t   t h e  
a i rc raf t   acqui re  the beam  when the  system is engaged. In 
other words, the  deviat ion from the beam, d, must ul t imately 
become zero when the  system  "input" is  an in i t i a l   cond i t ion ,  
d ( O + )  . The response  transform of an nth  order  system  with 
character is t ic   funct ion 

nsys = sn + a,s + ... n- 1 
+ an- 1 + an 

t o  an in i t i a l   cond i t ion  of posit ion,  d(O+) , is  readi ly   sham 
t o  be 
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Assuming t h a t   t h e   f i n a l  value theorem  holds, 

- - 
S-0 n S 

s + alsn-l + ... + an-ls + 

which w i l l  be  zero  only when a, # 0. Consequently the  charac- 
t e r i s t i c   fhnc t ion  must contain a constant  term for the  system t o  
acquire  the beam.  The character is t ic   funct ion i s  

As s approaches  zero, along, sNge, Ng, and Ng approach sEnJ 
e d  e d  

e e6 f 
“8eJ ’ E J  and B8e6fJ respectively.  So, as s approaches  zero in 
Eq. l9J 

For t he   a t t i t ude   con t ro l   t o  be s ignif icant   in   this   expression 
a t t i t u d e  feedback, GEe, would have to   con ta in  an integral  term. 
This would conf l ic t   wi th   the   des i re   to   d r ive  d t o  zero  for  other 
inputs.  Consequently Gge(0) will be made e i the r  a constant or  zero. 
Also, for  reasons which w i l l  be  described  later,   the DLC control 
of  path  deviation, G;f, should  have one  more f r ee  s than  the 

deviation  transfer  function, GF. This  leaves 
term, which w i l l  s a t i s f y  our need f o r  a constant  in 

a proportional ( K  F e )  term. Thus , a l l  of t h i s  
j u s t i f i e s   t h e   i n t u i t i v e l y  obvious  requlrement f o r  a proportional 
feedback of pa th   devia t ion   to   ach ieve   s ta t ic   s tab i l i ty   re la t ive  
t o   t h e  beam. 

d 

Another  guidance  requirement i s  tha t   t he  system  follow  guidance 
commands, di.  These  might a r i s e  from a one-step beam  scheme or 
even a higher  order  curvature command in more advanced  systems. 
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In  following  guidance cormnands, d i ,   the   e r ror  d, is  given 
bY 

Letting Gd = Gai + Ya for both 6, and Ef then gives, 6 6  6 

If the commanded path i s  given by a power s e r i e s   i n  time, i . e., 

then dl d2 263 ~ ai( s )  = - + - + 
S 2 - 7  

... 
S 

and the  lowest  order  term  in s will be  (n  - 1 ) !k/sn. Using the 
f inal   value theorem, 

For t he  system t o  follow a comand  path of nth  order  the 
numerator  of the  curiy  bracketed  expression  in Eq. 25 must 
contain a f r ee  sn. From the  sketch it i s  apparent  that a sys- 
tem which is s tab i l ized  on the first segment of a two segment 
glide  path  system must follow a ramp W c t i o n   i n  d without 
steady-state error i f  it i s  t o  successful ly   t ransi t ion from 
path 1 t o  2. S o  a free s2 is needed in   the  cur ly   bracketed 



portion of Eq. 25. Using the same l imit ing  propert ies  as i n  
the beam acquisition  case, 

Yde typ ica l ly  is either  zero or contains a s ing le   f ree  s, so 
the t o t a l  numerator i n  Eq. 26 has a net free s. Then, t o  
provide  the second  numerator f r e e  s (needed t o   s a t i s f y   t h e  
steady-state  requirement)  the  path  deviation/elevator  trans- 
fer function must have  an in tegra l  term, @ / s .  This i s  
a l so  obvious in tu i t i ve ly  from examination  of  Fig. 3. There 
it is p la in   tha t  a steady-state  signal must be developed a t  
the  ac p o i n t   t o   o f f s e t  a change in  the  steady-state  output 
of the Baro-inertial  Smoothing and Equalization  block. 

6 

Regulation Requirements 

The path  deviation  response t o  an  external  disturbance q 
i s  given  by 

where q may be a w or ug wind disturbance; and e i the r  can  have a 
constant component: i . e . ,  q(  s )  = 7,  / s  + . . . . For the  constant 
component t o  have no long term effect   requires  
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This w i l l  be  zero when there  is a t  least one net  free s in 
the numerator. 

Case 1 : q, = wg 

Because the numerator i s  a constant as s-0, the  
free s needed t o  make the  whole thing approach  zero 
must come from the  denominator.  Consequently, a e / s  
component is needed in the  G 2  control  path.  A similar 
argument applies for trim changes r e s u l t i n g   i n  Zo and M, 
l i f t  and pi tching  accelerat ions  appl ied  to   the  vehicle .  
Also, note   that  any shear  cmponent t o  wg w i l l  r e s u l t  i n  
a steady-state  error even with  an  integral   controller.  

Case 2: q1 = ug 

A f r ee  s occurs   natural ly   in   this  numerator, so f o r  d, 

lower  order  in s . This means 
sa t i s fac tory .  However, head 

t o  be  zero  requires  only  that  be a constant orgss 

a shear component, so a J@/s 
these.  



These elementary  considerations  indicate  that   the most undesirable 

disturbance  inputs are wind shears.  In  principle,  the  worst of these i s  
a shear normal t o   t h e   f l i g h t  path,   for   this  w i l l  cause a steady-state 

error   in   path.   In   pract ice ,  however, shears  occurring  near  the 

terminal  condition  give  cause  for  concern  because  their  effects are 
countered  primarily by the  integral   control .  This i s  inherently slow 
in   act ion,  as will be  appreciated  better wikh t he  aid of  the  concrete 

examples  of the  next  section. The promise of eero  steady-state  error 

i s  , accordingly, more academic than  real .  

Additional  "steady-state"  requirements on regulation  against  disturbances 

can  be  derived if a shorter  time scale  i s  presumed. This can  be done by 

considering the two-degree-of-freedom short-per iod  character is t ics   instead 

of the  complete  three-degree-of-freedom  equations. Any "final"  values 

found  using  the  short-period  equations  apply  for  time  intervals which a re  

la rge  compared with the  system's  settling  time,  but  not so long as t o  be 

comparable with phugoid  periods. Thus the  short-period  approximation i s  

va luab le   t o  treat some mid-frequency  response  properties. 

Using the  short-period  approximation  (see  Table 2) , 

This  equation i s  most per t inent   for  a w-gust disturbance. When q l  = wg, 

Asys(0) w i l l  be a constant i f  Kde i s  the  lowest  frequency  feedback, 6 

or if  the time  span  considered i s  re la t ive ly   shor t ,  such that a Kze/s 

control  w i l l  have l i t t l e   e f f e c t .  Then, to   ob ta in  a ne t   f r ee  s in   t he  

numerator, GEe must, i t s e l f  , contain one. Thus we can establ ish a desire  

for   pi tching  veloci ty   ra ther   than  a t t i tude feedback t o  improve the gust 

6 
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TABLE 2 

SHORT  PERIOD  EQUATIONS AND TRANSFEFi FLTNCTIONS 

Equations of Motion 

[ ( I  - Z ~ ; ) S - % ] S ~  + zUe 

A 6, + Ef direct   crossfeed and a possible az -6f feedback t o  give 
the  zi; are  taken  into  account  in  these  vehicle  equations; and M S f = O .  

Characteristic  Function 

Numerator * 

Coupling Numerators 

e d  
NEeEf = -%+%e 

J8 e = MEeZq - Z' M q 6e Ee q 

Modal Response Ratio 

*For these  short-period  equations it i s  poss ib le   to   def ine  Ns without a 
having t o   r e s o r t   t o  numerators t h a t   a r e   r a t i o s  of  polynomials. 
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regulation a t  mid-frequencies.  This  permits  the drift frm the  beam 

caused  by a normal gust t o  be  reduced  by v i r t u e  of t h e   a i r c r a f t ' s  weather- 

cocking  tendency.  This would not be possible if t h e   a i r c r a f t   r i g i d l y  

maintained i ts  p i tch   a t t i tude .  

Implied Requirement on 6f 

The d i rec t  lift control,  be it spoi ler  or flap,   can have 
only a very  l imited  control power compared with  the  elevator- 
wing combination.  Consequently the  longer time (near  steady- 
s ta te)   control   should  be  e levator   to   avoid  saturat ing  the 
D E .  The time  scale of in te res t   here  is  re la t ive ly   shor t ,  
so the  short-period  equations  (Table 2 )  can again  be  used 
to   de f ine  a kind  of  "short time steady-state." For a trim 
change defined by  an  incremental lift, Zo, and pitching, 
G, accelerations , the   f lap   def lec t ion  w i l l  be, 

If G:e i s  presumed t o  have a f r ee  s, and Zo and % have 
constant  terms,  e.g., Z o ( s )  = Z 1 / s +  ..., then  (using Eq. 33 
and the  short-period  version  of Eq. 19) 

For 6fss t o  be zero  then  requires G i f  t o  be one order  higher 
i n  s than Gde. 6 
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F r m  the  above steady-state  (long  time as w e l l  as short  time) con- 

s iderat ions we have shown tha t   t he  minimum forms of the  feedbacks needed 

;to sat isfy  reasonable   s teady-state  guidance,  control, and regulation 
requirements are: 

G e  = K s  6 
9 9 

and, if DLC i s  used, 6 
Gdf = $f or higher terms i n  s 

Having disposed of the  feedback  requirements imposed by steady-state 
considerations, we s h a l l  now t u r n   t o  a short  discussion of the  higher 

frequency  feedbacks. The simplest of these i s  the   a t t i t ude   t r ans fe r  

f'unction, Gee. When the  short  term  attitude  regulation  requirement i s  

considered-implying a t t i tude   s t i f fen ing  a t  short-period  frequencies 
t o  provide a c r a f t   t h a t  is  s tab le  and so l id  in  a t t i tude- the  Goe of 

Eq. 36 i s  modified t o  a simple  washout. This re ta ins   the   f ree  s in   t he  

numerator of Gie ,  with i t s  favorable consequences in   regulat ing  against  
wind disturbances,  while s t i l l  prwiding  an a t t i t ude  feedback a t  short  

period  frequencies. The washout time  constant I/Tw must, of course,  be 

such t h a t  1 /Tw i s  less than wsp. Further,  taking  higher  frequency  effects 
i n to  account, a p i t ch   r a t e  feedback Kis would be  desirable  to  provide 

greater   short-per iod  a t t i tude damping and a t t i tude   loop  bandwidth. This 

would then  permit improved alt i tude  loop  gain margins and, thereby, a 

g rea t e r   a l t i t ude  bandwidth.  Consequently the  desired  general  form f o r  

the  pitch  att i tude  feedback i s  

6 
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The remaining  requirements for   the  general  form of the  feedback 

control ler  dynamics can  be  derived  by  analogy w i t h  the l a t e ra l   ca se .  

Thus, with  the  att i tude  feedback washed out a t  low frequencies, K i  

feedbacks are needed t o  improve the  path damping. A s  i s  evident from 

Table 3, which shows the closed-loop  characteristic  fknction  coeffi- 

c i en t s ,   t h i s  can  be a usef'ul feedback t o  both  elevator and DX. In  

f ac t ,  because the high  frequency  limiting  factors on DLC: and elevator 

closures can  be somewhat d i f fe ren t ,  a system  using  the d feedbacks t o  

both  controls i s  desirable.  Recall, however, the  implied  requirement 

that G:f be one order of s higher  than G P .  Thus, appropriate  general 

forms for the  path  deviation  feedbacks  are 

Without  going fur ther   into a l l  the  ramifications and ju s t i f i ca t ions  

behind  these  selections, a general summary of  the  feedbacks,  their  pur- 

poses,  and qualitative  requirements i s  provided i n  Table 4. 



TABLE 3 

CLOSED-LOOP CHARACTERISTIC FUNCTION COEFFICIENTS 
U S D I G  SHORT-PEBIOD AIRCRAFT EQUATIONS 

s5: ( 1  - zi;) 



TABU3 4 

LONGITUDINAL FEEDBACKS - FJRPOSES AND QUALIWTIVE  REQUIREMENTS 

1 FEEDBACK TERMS FUNCTION 

I 
Short-Period  Attitude 

Stiffness 
"- 

Short-Period Damping; Path 
I Loop Bandwidth Extension 
I 
~ Capability 

j Short Term w Windproofing 
g 

-""""" 
TW i 

1 I 

Kd 

Path Acquisition and 

Windproof ing ( ug step, 

Stiffness 

wg pulse) 

' Higher-Order Path Following 

KT T r i m  
Windproofing ( w  step) 

I g 

Ki or KG 

I-" Path Damping 

Ke 

REQUIREMENT 

9 --r Fe in short-period frequency 

s[s-(Mq+M,$] + G t e b e  

range """- 
small over wg frequencies 

$ sets  dominant path mode fre- 
quency; made as  large as 
possible  consistent  with 
s tab i l i ty  and limiting 

K ~ / K ~  se ts  trim response time 

Sets  path mode damping r a t i o  

"""- 
e -6e in  long-period frequency 

range 

RENARKS 

Windproofing  and att i tude 
stiffening  conflict 

Altitude  control bandwidth with 
d,e - 6, is  limited by 1 / r e  
can bf increased  significant?; 
by d,d, o r  h - 6f. Therefore 
6f  can be big  help  in approach 
and flare  preclslon. 

suffers from beam noise; h 
requires trim bias   to   offset  
steady-state  sink rate. 

Conflicts  with windproofing. 

"""- 



To provide  concrete examples of approach  systems, three  longitudinal 

approach cont ro l le rs   sha l l  be  developed in   t h i s   s ec t ion .  (The r e su l t s   a r e  

used i n  R e f .  1 t o  compute average  performance  measmes and probabi l i t i es  of 

approach  success.) The three systems  developed  can  be  considered as competi- 
tors throughout the   ana lys i s ;   tha t  is, they can  be  considered i n  terms of:  

dynamic character is t ics ,  performance  measures  and probabi l i ty  of approach 

success. 

The a i r c r a r t   t o  be  controlled w i l l  be a DC-8 defined by the  landing 

approach  configuration  parameters  given i n  Table 5 .  The a i r c r a f i   t r a n s f e r  

TABLE 5 

DC-8 PARAMETERS FOR LANDING APPROACH  CONFIGURATION 

GEOMETRY AND 
INERTIAL PROPERTIES 

0 

,204 

228. 

-2.8' 

61 .a 
2758 
142.4 
22.16 

180,000. 

5,580- 
3.2 X 10' 

3.8 x 10' 

6.6 x IO' 

0 

25.2 

50 
0.62 

LATERAL 
BODY AXES 

-0 ,0887 
0 

0.031 

-1 .4O 
-I .O4 

0.474 

1 . 1 3  

0.159 
0.368 

-0 .029 

-0.257 
0 

-0.368 



funct ion  character is t ics   for   control   inputs  are shown i n   t h e  Bode p lo t s  

of Fig. 7. The notation  in  the  numerical   transfer  functions shown on 

these   p lo ts  i s  a shorthand i n  which ( 1/T) represents a first-order  term 

with  time  constant T, and [ c ,  %] represents a second-order  factor  with 

damping r a t i o  ( and undamped natural  frequency %. For example, i n  

Fig. 7, l /Te l  = 0.101, I/Te2 = 0.646, (,, = 0.626  and w = 1.231. The 

same notation i s  used i n   t h e  complete  compilation  of t r ans fe r  f'unctions 

and  coupling  numerators  given i n  Table 6. 

SP 

The control  equations and functions  accomplished  by  the  three  systems 

a re  given i n  Table 7. The systems are arranged from "A" t o  "C" in   o rder  

of decreasing  complexity  and  capability  with "A" also  standing for 

"advanced"  and "C" for  "conventional. A l l  of the  systems  can  acquire 

and maintain  position on a s t ra ight   l ine   g l ide   s lope  beam with well-damped 

path mode responses. However, System C i s  not   sui table  fo r  following 

higher  order  paths  with  zero  steady  state  error. The major dis t inc t ion  

between  Systems B and C i s  i n   t he  e feedback, which is  washed out a t  very 

low frequencies on System B and not a t  a l l  on System C .  The washout i s  
intended t o  improve the w windproofing, the  steady-state  following of 

higher  order  paths, and t o  remove the   e f f ec t s  of any steady-state 8 

biases.  This i s  achieved a t  the  expense of a s l igh t  amount of  path 

damping and bandwidth.  Consequently, the  superior i ty  of  System B i n  

wg windproofing  and  steady-state  operations may be  offset ,   for  other 

inputs, by i t s  smaller  bandwidth. 

g 

System A i s  representative of the  elevator axis of  an  advanced 

control ler ,   typical  of the forthcoming  generation  of low l eve l  approach 

and autanatic  landing  systems.  Appropriate  feedbacks  exist  for a l l  the 

funct ions  l is ted  for   longi tudinal   control   in  Table 7. 

All of the example systems can be improved by the  addi t ion of  an  airspeed 

control.  However, as w i l l  become evident  later,   the  airspeed  control  proper- 

t i e s  of the  three systems as they  s tand  are   near ly   ident ical .   Further ,   th is  

s imi la r i ty  w i l l  not  be changed if the same airspeed  controller i s  added t o  

a l l  systems.  Consequently, for the  sake of simplicity,  w e  have  not  provided 

airspeed  control  loops. 

The control  equations  for  the  three systems a re  given i n   t h e  last row 

of Table 7 i n  terms  of EeC. This i s  the  commanded elevator which must 
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LONGITUDINAL TRANSFER FUNCTIONS FOR THE DC-8 IN LCWDING APPROACH CONFIGURATION 

Dencaninator 

A = [ O . I O ,  O.167][0.626, I .23I] 

Numerators 
6e Control  Input 

NEe = -1.258(4.03)(-4.082) 

NXe = -9.25(23.34)[0.107,  0.1981 



TABLE 7 

CONTROL EQUATIONS AND FUNCTIONS PERFORMED BY THE "Pa AUTOMATIC LONGITUDINAL SYSTEMS 

FUNCTION 

Short-Period  Attitude 
Stiffness 

Short-Period Damping; Path 
Loop Bandwidth Extens ion 
Capability 

Short Term wg Windproofing 

Higher-order  Path 
Following 

Trim 

Windproofing ( wg step) 

Path  Acquisition and 
Stiffness 

Windproofing (ug  step, 
wg Pulse) 

Path Damping 

Control  Equations 

SYSTEM 

B C 
I 

0 "+ 6, in short-period  frequency range 

6 -6e i n  short-period 
frequency  range 

High-frequency 0 washout  Low-frequency e washout 

Id d t  -tje Low-frequency 0 washout 

No e washout 

il "6, 0 -+ 6, i n  long-period 
frequency  range 



be  converted to   ac tua l   e leva tor   def lec t ion  by the   f l i gh t   con t ro l  and 

surface  actuation systems. The actuator   character is t ics  ( Ya) w i l l  be 

approximated  here  by a f i rs t -order   lag  with 1 /Ta equal t o  15 sec" . 
Although grossly  oversimplified,  this is  an  adequate  approximation t o  

the  actuator   propert ies   for   the low frequency  range  of  primary in t e re s t .  

Block  diagrams  corresponding to   the  control   equat ions  are   given  in  

Figs. 8 and 9 fo r  Systems A and C .  A block  diagram f o r  System B would 

be essent ia l ly   the  same as tha t   i n   F ig .  9, with  the replacement  of t he  

a t t i t ude  feedback, Kg, by the  transfer  function, KeTwos/( Twos + 1 ). 

Having defined  the systems qual i ta t ively,  we s h a l l  now t u r n   t o   t h e  

quantitative  descriptions which w i l l  be  developed f o r  each  system. 

First,  the  closed-loop dynamic charac te r i s t ics  w i l l  be  considered in 

terms  of j w  Bode and Bode root   locus  plots   for   the systems as adjusted. 

Then, typical   t ime  his tor ies  of the systems w i l l  be  discussed  for command 

and disturbance  inputs . 
Conventional System  (System C) 

The analysis of System C w i l l  be  described  in two steps:   the  closing 

of an attitude  inner  loop  followed by the  c losing of a path  deviation  outer 

loop. The connections  and  interplay between these two operations i s  cent ra l  

t o   t he   syn thes i s  procedure,  because  the  attitude  loop  provides  the  equaliza- 

t ion  necessary  for   the  path  deviat ion loop t o  be  closed  such  that  rapid, 

s table ,  well-damped responses  result.  Consequently, we will take some 

pains  to  point  out  these  connections  in a discussion  of  the  analysis. 

A jcu-Bode p lo t   fo r   t he  open-loop a t t i t ude   t o   e l eva to r   t r ans fe r  f'unction 

and a closed-loop Bode root-locus  for  the same system are shown in   F ig .  10. 

The  Bode root-locus  comprises  both real and complex roots ,   the   rea l   roo ts  

being shown with  the heavy l ine  (so-cal led  s iggy Bode p l o t s ) ,  whereas the  

complex roots   are   dot ted.  (me values of r ea l   roo t s  and  closed-loop undamped 

natural  frequencies  are  read  using  the  abscissa,  while  the  closed-loop 

damping r a t i o s   a r e  parameters  along  the complex branches. Gain, of  course, 

i s  the  ordinate . )  The  Bode root-locus shows t h a t  as the  gain, Kg,  i s  

increased,  the damping r a t i o  and t o t a l  damping of the  phugoid mode a re  

also  increased,  resulting ( a t  high  gain)   in  two real roots which approach 
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the  zeros, -1 /re, and -1 /Te2.. For the same gain  variation,  the  closed-loop 

short-period damping and damping r a t i o  are decreased. Thus, the  increased 

phugoid damping i s  obtained a t  the  expense  of the  short-period damping. 

For r e l a t ive ly  low gain,  the  decrease  in  short-period damping is re f lec ted  

primarily  in  the  short-period damping r a t i o  because the  short-period 

undamped na tura l  frequency is essent ia l ly  unchanged. A t  moderate  and 

high  gains,  the  short-period  natural  frequency  increases,  resulting  in 
an even faster   decrease of short-period damping ratio  with  gain.   Finally,  

the  closed-loop  actuator  characteristics  are  but  slightly  modified frm 

the open-loop properties  for  reasonable  values of gain. For the  nominal 

zero dB l i n e  shown (% i s  -3.63) the  phugoid roots   a re  shown as 1 /Tbl 

and 1/Tb2 ( t he  prime indicating one loop  has  been  closed  and  the Te 

and To2 indicating  the  zeros  being  approached), and the  closed-loop 

short-period damping r a t i o  i s  0.184. With this   c losure,   there  is  a 

wide spread  between l / T h  and 1 /TA2, yet   the  short-period damping r a t i o  

i s  s t i l l  moderate ( c  = 0.184  gives 0.61 cycles  to  half   amplitude).  

Only the  poles of the  gl ide  s lope  deviat ion  to   e levator   t ransfer  

finction  are  modified  by  the  closure of the 0 t o  6e  loop; the numerator 

is s t i l l  t h a t  of  the  airframe  alone. The deviation  to  deviation-error 

open-loop transfer  finction,  with  the  attitude  loop  closed, i s  shown i n  

the  system  survey in  Fig.  1 1 ,  where the ju-Bode r e f l ec t s   t he  open-loop 

zeros of the  numerator, Nge( s) ,  the  closed-loop  poles  resulting from 

the  a t t i tude  c losure,  and a beam noise smoothing f i l t e r  ( Y f )  with a 

time  constant of 0.5 sec. The  Bode root-locus of th i s   (ou ter )   loop  

i s  a l so  provided in   the   f igure .  Here it i s  seen  that   the  very-low- 

frequency mode stemming from the   f r ee  s advances  toward as gain 

increases,  while  the two phugoid roots  rendezvous  and become a new 

second  order; the  short-period damping rat io   increases  somewhat, and 

the  short-period undamped natural  frequency  remains  essentially unchanged. 

1 

1 

SP 

The crossaver  region  (frequency  region  near  the  intersection of the 

0 dB l i n e  and the ju Bode) compatible  with good closed-loop  response l i e s  

along  the  approximately -20 dB per decade s lope   s ta r t ing  a t  about 1 /TI 
Selecting a ga in   for   th i s  beam deviation  loop  involves a compromise between 

the  dominant path mode ( t h e  phugoid) and the mode associated  with  the  very 

01 
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low frequency  dipole  pair. The higher  the  gain  the less the   e f fec t   o f  

the  dipole,   yet   the less wel l  damped  becomes the  quadratic  path mode. The 

gain  selected i s  therefore  made t o  compromise these  factors .  The gain 

value, Kd, chosen results in a crossover f'requency smewhat  greater  than 

0.2 rad/sec. The dominant mode with  this   gain is  the  path  control  quad- 

r a t i c  ( nee  phugoid)  with C'' = 0.445  and % = 0.465 rad/sec. The very-low- 
frequency  root a t  0.028 w i l l  be dominant i n  some degree  of f'reedom, such 

as speed,  although in   the  deviat ion  response  to  a d command i t s  e f f ec t  

w i l l  be   par t ia l ly  removed by the   l ead  a t  1 /%, = 0.033. Thus we have 

achieved a system which exhibi ts  a well damped, fa i r ly   rapid  response 

path mode which i s  s l i g h t l y  contaminated  by a very long  time  constant 

mode, together  with a relat ively  high frequency,  reasonably damped, 

short-period mode. 

P 

Let  us now consider  imaginary  modifications t o   t h e s e  nominal p lo ts .  

In  the  deviation  loop  closure,  the  range  of  permissible  crossovers would 

be  extended i f  the  breakpoints a t  l/TA., and 1 / T i 2  could  be  further  separ- 

ated. Also the  siggy segments  of the  Bode root-locus would then  be moved 

down re la t ive   to   the   asymptot ic   p lo t ,  such that   the   a t ta inable   path mode 

damping r a t i o  for a given  gain, Kd, would be  increased.  Unfortunately, 

with  the  feedbacks  available i n  System C the  maximum separation  attainable 

i s  l imited by l /Tel  and 1/Te2, and these  can be approached in   the  att i tude 
loop  closure  only a t  the  expense of an underdamped short-period. However, 

this  short-period  deficiency which i s  developed i n  the  inner-loop  closure 

is  p a r t i a l l y  made up i n  the  outer-loop  closure, where c& i s  s l igh t ly  

increased  over ( If the  airplane-alone had greater  short-period 

damping, then a larger  attitude  loop  gain  could  be  used,  thereby  per- 

mitt ing an increased  deviation  loop bandwidth with  the same damping r a t i o .  

V i a  t h i s  reasoning, a p i t ch   r a t e  damper would be useful  even when the  

short-period damping r a t i o  i s  large,  as on t h i s  DC-8 example. 

SP * 

When only  the  a t t i tude and deviation  are  permitted as feedbacks,  the 

gains  given  here  are  nearly optimum, in   that   the   resul t ing  responses   are  

rapid and well  damped and the change in  these  responses w i l l  be   re la t ively 

in sens i t i ve   t o  changes i n  many of  the  vehicle  parameters. From the  sensi-  

t i v i t y  viewpoint,  the  primary  effects  are  those  of 1 /Thl , which w i l l  modify 
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the  very-lar-frequency  closed-loop  root; 1 /To2 which profoundly  affects 

t h e  dominant quadratic  path mode; and the  short-period undamped na tura l  

frequency  (uSp) and damping r a t i o  ( f  ). The sens i t i v i ty  of the  closed- SP 
loop   roo ts   to   o ther  open-loop charac te r i s t ics  is  not  large.  This is  most 

easily  appreciated by recogniz ing   tha t   the   f i r s t -order   sens i t iv i t ies  ' 

( R e f .  2), relating  incremental changes i n  closed-loop  roots t o  incremen- 

tal changes i n  open-loop gain or open-loop roots,  are inversely propor- 

t i o n a l   t o   t h e   s l o p e s  on t h e  Bode root-locus. A s  can be  seen from Figs. 10 

and 11, these  s lopes  are   qui te   large a t  the  chosen gains. 

The closed-loop  transfer  functions for System C are given in Table 8. 
These data are used i n  R e f .  1 t o  compute the rms deviations due to u and 

or inputs. 
g 

g 

TABLE 8 

CLOSED-LOOP  TRANSFEE  FUNCTIONS  FOR SYSTEM C 

A 

d, " 40.566(0)(15.229)[0.134 2.0871 
U 

- 
g (0.028)(2.066)(  15.228)[0.4@,  0.465][0.206, 2.0391 

9 -  +1.~(0.11?)(~~.139) [0.291 1.761 
- 

W 
g (0.028)(2.066)(  15.228)[0.445,  0.465][0.206 , 2.0391 

h 

d€ - +2.0(0)(0.13)(0.46)(15.228)[0.18 2.051 
dcommand (0.028)(2.066)(15.228)[0.~~5, 0.465][0.206 , 2.0391 

- 

- =  U 0.0373(0.12)(1.35)(2.169)(15.228)[0.176, 1.9951 
U g (0.028)(2.066)(1>.228)[0.445, 0.465][0.206, 2.0391 

-0.136(2.051)(15.224)[-0.17, 0.442][0.165, 1.961 
" 
U - 

wg (0.028)(2.066)( 13.228)[0.445, 0.465][0.206, 2.0391 

0.1~(0)(4.03)(-4.082) 
U - - 

dcormnand (0.028)(2.066)( 15.228)[0.445, 0.463][0.206, 2.0391 
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Typical  transient  responses for a deviation command, de, and s tep  

u and w gust inputs  are shown in   F igs .  12 through  14. The s tep  

response t o  a d command is, as anticipated,  dominated  by the  very-low- 

frequency  dipole  pair and the  dominant path mode. Only a s l igh t  over- 

shoot i s  present  with  the  gains  selected and this response is, i n  

general ,   ent i re ly   sat isfactory.  The short-period  properties show up 

pr imari ly   in  the elevator   t race.  The at t i tude  pr imari ly   s imulates   the 

a l t i t ude   r a t e ,  as can  be  seen  by comparing the  h and e traces.   Finally,  

a small speed  deviation  occurs with a time  constant  given  by  the  closed- 

loop mode, I /dl , which approaches I /Thl . This i s  more graphically 

demonstrated on the speed  responses t o  ug and wg step  disturbances.  

g g 

System with Low Frequency Attitude Washout (System B) 

System B i s  very similar t o  System C .  The d i f f e rence   l i e s   i n   t he  

a t t i t ude  feedback a t  very low frequencies which is  washed out  rather  than 

a pure  gain. This has severa l   e f fec ts .   S ta t ica l ly ,   the  need t o   f l y  with 

a s l ight   deviat ion to of f se t  any s teady-s ta te   a t t i tude  i s  remwed. Dynami- 
cally,  the  following of beam deviation commands and response t o  w gusts can 

be made  somewhat be t t e r .  

The open- and  closed-loop a t t i t ude  diy-namics a r e  shown on Fig. 15. When 

t h i s  i s  compared with Fig. IO, the  high  frequency  characteristics  are 

seen t o  be  very similar, whereas the very-low-frequency propert ies   are  

qui te   d i f fe ren t .  The open-loop  dc gain i s  zero,  and the  presence  of 

the washout g i v e s   r i s e   t o  a root a t  -1 /T&o. For t h e  same gain as used 

on the  conventional system, the  short-period  frequency i s  essent ia l ly  

the  same, t h e   d a q i n g   r a t i o  is  very   s l igh t ly   l a rger ,  and the  phugoid 

roots   are   in   c loser   proximity  to  1 /Tel and 1 /TO2. A l l  of these  features 

have favorable  effects i n  the  outer  loop. 

The path  deviation  loop  characteristics, with the  a t t i tude  inner  

loop  closed,  are  given  in  Fig. 16. By comparison with the  conventional 

system, the low-frequency proper t ies   a re   c lose   to   those  of a K / s  system 

over a very wide frequency  band.  Consequently, t he  system  gain  can  be 

s e t  a t  almost  any  value  in  this  range and r e s u l t  in a well-shaped  response 

t o  a de command.  The  Lime scale  of the  response is, of  course,  scaled  by 
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Figure 13. Transient Responses f o r  a Step ug Gust Input 
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Figure 14.  Transient Responses f o r  a Step wg Gust Input 
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the  crossover  frequency. The same deviation-loop  gain is  used f o r   t h i s  

system as for  the  conventional.  The closed-loop  roots  resulting we 

qui te  similar t o   t h o s e  of System C, although  the undamped na tura l  fre- 
quency, u$, and damping r a t io ,  5'' of the  dominant mode are s l igh t ly   l e s s .  P' 
This is  t o  be  expected as a consequence of the  introduction of t he  

washout. The closed-loop  transfer  functions  are  given in Table 9. 

TABLE 9 

CLOSED-LOOP TRANSFER FUNCTIONS FOR SYSTEM B 

2, +0.566(0)(0.019)(15.23)[0.147, 2.0991 
- =  
U 

g (0.039)(0.07)(2.065)(  15.229)[0.424,  0.415][0.218 , 2.061 

% - 
+ I  .7(O.Ol5)(0.095)(  17.14)[0.309  1.7861 

" 

W 
g (0.039)(0.07)(2.06~)(1~.22g)[0.~2~ , 0.415][0.218  2.061 

A a, +2.0(0)(0.018)(0.109)(0.489)(1~.22~)[0.20, 2.071 
- 

'command 
- 

(0.039)(0.07)(2.065)(15.229)[0.424 0.415][0.218  2.061 

0.0373(  1.366)(2.167)(  15.229)[0.609,  O.Og7][0.191 2.0131 
" 
U 

U 
g (0.039)(0.07)(2.065)(  15.229)[0.424,  0.413][0.218  2.061 

- 

-0.136(0.078)(2.0~)(  15.225)[-O.241  0.444][0.180  1.9781 

g (0 .039) (0 .07) (2 .06~) (1~.229) [0 .~2~ 0.415][0.218  2.061 
" 
U 

W 
- 

0.194(0)(0.08)(4.03)(-4.082) 
U - - 

acornand (0.039)(0.07)(2.065)(15.229)[0.424 0.415][0.218  2.061 

The system transient  response  characterist ics  are  generally  similar 

t o   t h o s e  of System C, wi th   s l ight   var ia t ions as expected  by the  qual i ta-  

t i v e  system differences.  The responses t o  a s tep  dc command a re  almost 



exact ly   ident ical .  Some differences would occur, however, i f  the  input  

were a higher  order  function, such as a ramp; then  the  response  of 
System B would be  superior. For t he  w step  inputs,  System B i s  markedly 

better  than  the  conventional System C i n  terms of  beam deviation. The 

other  degrees o f  freedom are  generally similar, as would again  be  expected. 

Finally,  with a ug step  disturbance, System B is  again  superior in the  d 
response,  with  the  other  degrees of freedom again  very  similar. Thus, i n  

every  respect  but  path  deviation  loop bandwidth, the  modified  system (B) 

is  better  than  the  conventional  controller ( C ) .  

g 

Advanced System (System A) 

The advanced system i s  ana ly t ica l ly  more complex than the others 

considered  because  of  the more complicated  equalization and  because the  

use of a K$I s ignal   for   path damping requires an additional  loop  closure. 

For simplicity  of  explanation, however, we sha l l   use  a Kid s ignal   ra ther  

than a KG; s ignal.  With this simplifying  assumption we can  again  deal 

with an a t t i t u d e  and path  deviation  set  of loop closures   for   the Bode 
p lo ts .  Hawever, it i s  noted  that  for  the  closed-loop  analog computer 
time  responses,  the  actual KfiC s ignal  was used, rather  than  the  simplified 

K$ signals. 

In the   a t t i tude   loop ,   the   a t t i tude  washout i s  made samewhat less than 

the  short-period undamped natural frequency so as to   assure   near ly   pure 

ga in   a t t i tude  feedback a t  short-period  frequency. The addition of the  

a t t i t ude   r a t e   s igna l   t o   t he  washed out   a t t i tude  creates  a net  equalization 

on 0 given by 

where 1 1 
TE Ki, TWO 

+ -  " " 

53 



The location  of  the lead equalization  breakpoint, l/TE, i s  the  primary 

means to   ad jus t   the   shor t -per iod  damping r a t i o .  If t h i s  breakpoint is  
placed somewhat greater   than cu a long  s t re tch of -20 dB per decade 

slope will be  established between 1/Q and the  actuator  breakpoint a t  
I/Ta. Gain crossover anywhere i n   t h i s   s t r e t c h  w i l l  result in  reasonable 

damping of the  short-period mode, while s t i l l  permitting  reasonably  large 

amplitude ra t io   va lues  a t  mid-frequencies.  This i s  i l l u s t r a t e d   i n   t h e  

a t t i tude   cont ro l  jcu Bode and Bode root-locus  in  Fig.  17. There, it i s  

seen that  with  an  increase i n  gain  the phugoid  and short-period damping 

ra t ios ,  and the  short-period undamped natural  frequency  are a l l  increased, 

while  the phugoid undamped natural  frequency is  decreased. The physical 

explanation  for  the  decrease of  phugoid  frequency  with System A is  the  sig- 

n i f ican t ly  lower  amplitude r a t i o  of the  8 feedback a t  phugoid  frequency 

(compared t o  System B) ,  which i s  due to   t he   d i f f e rence  in the  washout time 
constants. 

SP.’ 

Consider now the  beam deviation  closure. Here, the  equalization, Yd, has 

both a r a t e  and integral  term  in  addition  to  the  glide-slope-beam  noise  filte: 

where 

A t  very low frequencies,  the open-loop  system looks   l ike  K / s 2  because of 

the  integral   term  in  the  deviation  controller.  The r e s t  of the  equaliza- 

t i on  i s  needed t o   a d j u s t   t h e  amplitude r a t i o   t o  approximate a -20 dB per 

decade  slope  in  the  desired  region of crossover. While Yd has  three  time 

constants, 1/Td3 i s  inherent ly   c lose   to   the  beam noise   f i l t e r   b reakpoin t ,  
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so the   bes t   t ha t  can be achieved i s  t o   c r e a t e  a dipole  pair   near l/Tf 

giving a small phase  lead i n  the  region  of  the f i l ter .  The pr inc ipa l  

adjustments are then 1 /Td, and 1/Td2. When these  breakpoints are posi- 

t i o n e d   r e l a t i v e   t o   t h e  ";, breakpoint, as sham. in   F ig .  18, the  low- 

frequency  amplitude r a t io   a t t a inab le   w i th  a given  zero dB l i n e  is made 

as la rge  as possible.  However, note   that   the  phase i n   t h e  low-to-medium 

frequency  region must not  be  permitted t o  exceed -180 . This is  impor- 

tant   for   avoiding a low-frequency,  low-amplitude osc i l la t ion  due t o  any 

system threshold or hysteresis   character is t ics   (e i ther   of   these w i l l  

r e s u l t   i n  reduced  gain a t  very low amplitudes which could set t h e  condi- 

t ions   for  a limit cycle a t  a frequency where the phase  angle  reaches -180'). 

If the  loops are closed  with  the  gains  noted,  then a crossover  frequency 

corresponding t o  a maximum a t ta inable  phase  margin  of  about 32O i s  achieved. 

The result ing  closed-loop  characterist ics  are  greatly  superior t o  those of 

either  the  conventional or  modified  system i n  bandwidth, path  following, 

dominant  and short-period mode character is t ics ,   e tc .  The closed-loop 

transfer  functions are given in Table 10. 

0 

The general  superiority  of System A is a l so  exhibited i n  the   t rans ien t  

response  comparisons of Figs. 12 through 14. Deviation  responses  for  both 

comand  and  disturbance  inputs  are a l l  superior, as a r e  all the  degrees  of 

freedom which most strongly  reflect   short-period  properties.  A summary 
table  of the  various  control system constants i s  given i n  Table 11  for  

easy  reference. 

The speed  responses  are  very similar f o r  all three  systems.  This 

re f lec ts   the   l ack  of a speed control  loop. The basic  time-constant of 

the  speed  deviation i s  l imited by 1 /SI. In  terms  of  approximate  factors, 

t h i s  i s  given  by 

When a speed-control  system i s  considered as a s t a b i l i t y  augmenter,  an a 

or  u t o  Et feedback w i l l  modify Xu or k, and thus can  be  used t o  change 
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l/Thl. Then the  deviat ion 1 0 . 0 ~  closure will resu l t  i n  a larger  value of 

with a  concomitant improvement in  the  closed-loop system  speed 

response i n  all three systems. 

TABLE 10 

CLOSED-LOOP TRANSFER FUNCTIONS FOR SYSTEM A 

A +0.566(0)(0)(0.174)(12.918)[0.767, 2.2151 
” d, - 
U 

g (0.036)(0.123)(0.382)(2~~62)( 13.232)[0.677 9 0.699][0.673 9 1.4281 

+1.5(0)(  13.75)[0.464  0.103][0.936  2.0181 
g (0.036)(0.123)(0.582)(2.462)( 13.232)[0.657  0.699][0.673  1.4281 
” 

w - 

& - - +2.0(0)2(0.04~)(0.733)(2.0)( 13.22)[0.43, I .46] 
~ComnlaIld (0.036)(0.123)(0.582)(2.462)( 13.232)[0.637  0.699][0.673,  1.4281 

” U -0.0373(0.136)(1 .596)(2.777)(13.261)[0.5 0.276][0.38 I .918] 
U 

g (0.036)(0.123)(0.382)(2.462)( 13.232)[0.637  0.699][0.673 I .428] 
- 

-0.136(0.153)(0.213)(2.409)( 13.262)[-0.082  1.023][0.872  1.4921 

g (0.036)(0.123)(0.582)(2.462)( 13.232)[0.637  0.699][0.673  1.4281 
” 
U 

W 
- 

0.3272(0)(0.089)(0.7)(~.082)(4.03) 
U - - 

‘command (0.036)(0.123)(0.~82)(2.462)( 13.232)[0.637  0.699][0.673  1.4281 



TABLE 1 I . 

SUMMARY OF CONTROL SYSTEM CONSTANTS 

Ki (sec)  

0 0 -0.0256 (rad-sec/ft) 

0 0 -2. 

(rad/f’t-sec) I -0.000768 I 0 I 0 
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